We outline an electrodeposition procedure from an emulsion to fabricate novel vertically aligned open and closed-pore microstructures of poly(N-(2-cyanoethyl)-pyrrole) (PPyEtCN) at an electrode surface. Adsorbed toluene droplets were employed as soft templates to direct polymer growth. The microstructures developed only in the presence of both ClO 4 − and H 2 PO 4 − doping ions due to a slower rate of polymer propagation in this electrolyte. Two sonication methods (probe and bath) were used to form the emulsion, producing significantly different microstructure morphologies. Control over microtube diameter can be achieved by simply altering the emulsion sonication time or the amount of toluene added to form the emulsion. Electrochemical characterization indicated the PPyEtCN microtube morphology had an increased electrochemical response compared to its bulk counterpart. TEM analysis of individual closed-pore microtubes identified a hollow interior at the base within which the toluene droplet was encapsulated. This cavity may be used to entrap other compounds making these materials useful in a range of applications. The methodology was also applied to form microstructures of poly(3,4-ethylenedioxythiophene) and polypyrrole.
■ INTRODUCTION
There has been extensive research focusing on methods to control the growth of conducting polymers, as many studies have illustrated that their physical properties are a consequence of their morphology. 1, 2 Hollow nano/micro-structured conducting polymeric materials are a rapidly developing research topic due to the significant range of applications for which they are suited, including drug delivery, sensing, separation, encapsulation, catalysis, and as nanoreactors. 3−7 Polypyrrole (PPy) is one of the most extensively studied conducting polymers as it is facile to prepare and has a range of useful properties which include fast redox activity, 8 good ion exchange capabilities, 9 and biocompatibility. 10 Much recent attention has focused on the design and fabrication of PPy into hollow openpore nano/microtubes 11−14 or hollow closed-pore nano/ microspheres 15, 16 as these structures have potential application in controlled drug delivery systems. A number of authors, with particular reference to the work of Shi and co-workers, have developed electrodeposition methods to form hollow open tubular PPy structures anchored to substrate materials, which allows greater control over their use. 6,17−20 Furthermore, the permeability of conducting polymers can be altered as a function of applied potential or pH, 21 and this property has been exploited to encapsulate and subsequently release guest species from within PPy microcontainers. 22 While the nano/micro morphologies of conducting polymers have been comprehensively studied, very little work has been performed with their covalently functionalized counterparts. The development of functionalized conducting polymers in controlled morphologies was highlighted as an important future research area by Shi and co-workers in their review on nanostructured conducting polymers. 23 In our previous work, we developed an electrochemical template-free procedure to form a novel poly(N-(2-cyanoethyl)pyrrole) (PPyEtCN) film in a nanowire morphology. 24 A number of other studies have been reported using electrochemical or chemical approaches to form microstructures of N-functionalized PPy. Examples of note include the electrodeposition of poly(N-methylpyrrole) (PPyMe) microstructures in a "doughnut" morphology using a H 2 bubble template carried out by Teixeira-Dias et al. 25 and the development of PPyEtCN and PPyMe microspheres through chemical oxidation on polystyrene core particles by Alemań and co-workers. 26, 27 Electrodes modified with covalently functionalized conducting polymers have been utilized in sensor applications as the moieties at the substituted position enable supramolecular interactions with other molecules. For example, PPyEtCN modified electrodes have been used to immobilize specific antibodies for the fabrication of biosensors 28 and in the electrochemical sensing of dopamine. 29 Alternatively, the functional group can be chemically modified in order to covalently attach a wide range of species to the polymer surface which include carbon nanotubes, 30 biomolecules, 31 or fluorinated alkyl chains. 32 There is a growing interest in preparing PPy nano/ microstructures employing facile template-free or soft-template electrochemical approaches. 33−35 The advantage of these methodologies is that the steps to construct and then subsequently dissolve the hard templates are not required. Furthermore, the morphology of the polymer formed can be controlled by simply altering the electrochemical conditions. Previously, a number of authors have reported using nano/ micro monomer droplets to deposit conducting polymers on electrode surfaces. 20, 36, 37 However, these methodologies require very high concentrations of monomer and the modification of the electrode surface or the addition of a surfactant. Interestingly, Mazur and co-workers have developed an elegant interfacial chemical oxidation polymerization method using either organic or aqueous solvent microdroplets to entrap either hydrophobic 38 or hydrophilic 16 compounds within PPy microvessels. Herein, we report the first application of this solvent microdroplet method in an electrochemical polymerization reaction.
Using adsorbed toluene droplets as soft templates in conjunction with the mixed electrolyte cosolvent system we have previously employed for the template-free electrodeposition of PPyEtCN nanowires, a novel means has been developed to electrochemically fabricate PPy-based microtubes and microcontainers. This article, to the best of our knowledge, is the first report of the electrochemical deposition of microscale tubular structures of PPyEtCN, in which the tubes are anchored to an electrode surface. Although we have chosen PPyEtCN for these studies, our system can be used to design similar structures for other monomers in which an organic/ aqueous based solvent system may be employed.
■ EXPERIMENTAL SECTION
Preparation of Emulsion. All chemicals were purchased from Sigma-Aldrich and were of analytical grade. N-(2-Cyanoethyl)pyrrole (PyEtCN) was distilled under vacuum and stored under nitrogen at −40°C. In a typical experiment LiClO 4 (20 mM) and (NH 4 )H 2 PO 4 (100 mM) were dissolved in a water:ethanol (7:3) solution. Toluene (80 μL) and PyEtCN (56 mM) were added to 10 mL of this solution by a micropipet. This suspension was shaken vigorously and then sonicated using a probe sonicator (Bandelin Sonoplus HD2200, MS72 tip) for 1 min at 20% of maximum power, or the suspension was stirred vigorously and then sonicated in an ultrasonic bath (Fisher Scientific FB 15048) for 1 min.
Polymerization. Electrochemical experiments were performed using a Solatron 1285 potentiostat at room temperature. A standard three-electrode cell was employed using a platinum mesh as an auxiliary electrode, while the working electrode was a glassy carbon rod embedded in a Teflon holder using an epoxy resin. All potentials were measured against a saturated calomel electrode (SCE) reference. Electrode surfaces were prepared by mechanical polishing on emery paper using 6 and 1 μm diamond suspensions lubricated with water, then sonicated in ethanol between each polishing, and finally sonicated in ethanol and water, respectively. Before polymerization the electrodes were left to sit in the emulsion for 5 min to allow the toluene to adsorb to the surface. In a typical experiment an oxidative potential of 0.95 V was applied for 3 min; the polymers were then washed with ethanol and water and dried by air flow before further characterization.
Characterization. SEM analysis was performed using a Hitachi S-3200-N with a tungsten filament electron source, and the resulting images were analyzed using ImageJ software. Before analysis samples were dried using a N 2 flow and then sputter-coated under argon using an Au/Pd target. A thickness monitor was employed to obtain a coating of 15 nm. TEM was performed using a JEOL 2100 with a LaB6 filament operating at 200 kV. Samples were prepared by removing the polymer from the substrate using a surgical blade and then sonicating in ethanol for 10 min. For light microscopy, the emulsions were prepared with the addition of a red dye (Sudan IV, 0.005% wt toluene) which was added to the toluene before its addition to the emulsion solution. This allowed the droplets to be more easily identified. Several drops of this solution were pipetted onto a glass slide, and images were recorded using an Olympus BX161 optical microscopy with Cell F analysis software. Contact angle experiments employed a static water droplet of 1 μL using an OCA 20 from Dataphysics Instruments. For FTIR characterization samples were made into KBr disks, and spectra were recorded using a PerkinElmer 2000 spectrometer.
■ RESULTS AND DISCUSSION
When sufficient energy was applied to the toluene/water/ ethanol system, through ultrasonication, it was possible to create a homogeneous dispersion of toluene microdroplets within the continuous phase. This turbidity could be maintained for several hours without the need for any surfactants or stabilizers. This is a key factor in utilizing this system as a soft template method, as the absence of stabilizing agents leaves the toluene microdroplets available to adsorb to solid surfaces. 39 The electrochemical polymerization mixture, LiClO 4 (20 mM), (NH 4 )H 2 PO 4 (100 mM), PyEtCN (56 mM), and toluene (80 μL) in 10 mL of water/ethanol (7:3), was emulsified using two methods (Scheme 1). The mixture was either shaken vigorously and then sonicated for 1 min using an ultrasonic probe or stirred vigorously for 5 min and then sonicated for 1 min using an ultrasonic bath (Schemes 1B and 1C, respectively). In both cases the solution went from a transparent multiphasic system to an opaque emulsion. However, the emulsion formed using the ultrasonic probe was much more opaque and possessed a longer period of stability than that formed employing the ultrasonic bath. Previous studies, regarding the formation of emulsions, have shown that the use of an ultrasonic probe compared to an ultrasonic bath results in more stable emulsions consisting of smaller sized oil droplets. 40 In the absence of toluene no opaque emulsion (droplets with diameter >0.1 μm) was formed (Scheme 1D). When the microdroplets adsorbed on an electrode surface, it was then possible to use them as templates for an electrochemical anodic polymerization of PyEtCN into a range of microstructures. Interestingly, PyEtCN polymerized from a toluene/water emulsion in the absence of ethanol produced incomplete films. The formation of microtubes occurred, but there were large areas (20−50 μm in diameter) across the electrode surface which had total absence of polymer growth (Figure 1a) . Moreover, as Figure 1b illustrates, the tubes formed in a highly irregular fashion with varying heights and diameters. A homogeneous distribution of microtubes was only formed when ethanol was added to the system as a cosolvent, as seen in Figure 1c ,d. Here, the tubes possess a smooth exterior and have a uniform size distribution. It is also clear that the structures had an empty cavity in the center and were hollow through to the substrate surface (Figure 1c (inset) ). Confirmation that the cyano group was still intact after polymerization was obtained by the presence of the characteristic v(CN) band at 2251 cm −1 in the FTIR spectrum recorded of the polymer film (see Supporting Information Figure 1) .
In a typical polymerization experiment the emulsion was formed using the ultrasonic probe, and it was observed that microtubes were produced between the range of oxidation potentials studied (0.85−1.30 V); below this potential no growth was obtained. It was also possible to electrodeposit the microtubes on different substrates such as Au, Pt, and indium− tin oxide. Furthermore, the orientation of the electrode within the cell did not negatively affect microtube growth or their coverage over the electrode surface. Regardless of applied potential, it was the adsorbed toluene droplets which influenced growth to create a tubular morphology. However, the applied electrical potential determined the rate at which the tubes formed and this was found to influence the shape of the hollow tube structure (Figure 2) . At a relatively low potential (0.85 V, Figure 2a ) platelike structures were formed which had very little vertical growth; this has also been seen by other researchers. 19 As the potential was increased from 0.90 to 1.00 V in 50 mV increments (Figures 2b, 2c , and 2d respectively), the final morphology resembled a more bowllike structure, as the polymer took the shape of the adsorbed toluene droplet to a greater extent. Furthermore, the polymer growth extended in a vertical direction, and the tubes increased in height; this has also been observed for other PPy microtube systems. 17, 19 At higher oxidation potentials of 1.10 and 1.20 V (Figures 2e and 2f ) the tubes had increased substantially in height but were also observed to have an increase in diameter at their openings.
Upon inspection of the PPyEtCN microtubule SEM micrographs, it can be seen that the areas immediately surrounding the microtubes showed very little polymerization (Figure 3a) . In the toluene/water emulsion chemical oxidation experiments carried out by Mazur and co-workers, it was clear that most of the pyrrole monomer resided inside the toluene droplets, as polymerization only occurred at the surface of the droplets and not in the bulk solution. 38 In the present system, the microtubes formed preferentially in large numbers over the electrode surface as the main structures. However, away from these sites a thin layer of bulk polymer observed. On the basis of these observations, it was apparent that a proportion of the PyEtCN monomer was contained within the toluene droplets, with some monomer remaining free in solution. As the duration of sonication time was increased, the average diameter of the tubes decreased. This observation is consistent with the known literature regarding droplet size as a function of sonication time, 40 and it allows a means of controlling the diameters of the tubes. Interestingly, for prolonged periods of growth (30 min) a second stage of microtube nucleation was observed, yielding smaller tubes developing within the larger tubes (Figure 3b) . Growth of these smaller microtubes always evolved from the inner walls of the bigger microtubes and was never observed occurring from the base center. This indicated that the toluene droplets had adhered strongly to the substrate throughout the polymerization process and prohibited further growth at these sites. It also highlighted the stability of the emulsion prepared by this method.
A schematic illustrating the proposed mechanism of microtube formation is displayed in Scheme 2. Here the toluene droplet can be seen adsorbed to the electrode surface, containing some monomer which is distributed between the continuous phase of the emulsion and the toluene droplet (1). Once an oxidative potential is applied, dopant from the surrounding bulk solution diffuses toward the adsorbed droplet (2). Growth proceeds favorably at the surface of the droplet because a high electric field originates here due to edge effects. 20 In addition, at this interface both monomer and dopant are present in sufficient quantities to enable polymerization to proceed (3). Finally, polymer growth mimics the shape of the original droplet leaving a hollow interior (4) .
The diameters of the toluene emulsion droplets and polymer microtubes were compared to confirm that the addition of the toluene was responsible for the microtube morphology. A typical emulsion was formed, and several drops were placed on a glass slide and allowed to adsorb for 5 min, before imaging was performed using an optical microscope (Figure 4a) .
Similarly, an SEM micrograph was recorded of a polymer film formed from an identical emulsion (Figure 4b ). The diameters of the droplets and polymer microtubes were then measured, and the distribution of their sizes is given in Figure  4a (inset) and 4b (inset), respectively. Given the significant difference in resolution between the microscopes used, there was still a good correlation between the droplet size and the microtube diameter. The average diameter of the adsorbed toluene droplet was 1.00 μm while the average diameter of the microtubes was 1.44 μm. Considering the typical thickness of the microtube walls was ∼200 nm, these values are consistent with each other. These results confirmed that the toluene droplets do in fact act as the templates for the microtube formation.
The electrolyte mixture (LiClO 4 (20 mM)/(NH 4 )H 2 PO 4 (100 mM)) was chosen as previous studies regarding nanowire formation have indicated that this type of system promotes the growth of PPy nanowires in the direction perpendicular to the electrode surface. 24, 35, 41 However, to the best of our knowledge, this is the first report utilizing this type of electrolyte system to form hollow PPy-based microstructures. It has been proposed that the role of the HPO 4 2− or H 2 PO 4 − anions during electrochemical deposition of PPy nanowires is to control the vertical growth by acting as a scaffolding agent through Hbonding between the PPy chains. 35 However, interestingly, Debiemme-Chouvy determined that during the electrochemical deposition of PPy nanowires from NaClO 4 (1 mM)/Na 2 HPO 4 (200 mM) solution the ClO 4 − anion was preferentially incorporated into the polymer to balance the positive charges on the polymer chains. 41 She proposed that when amphoteric HPO 4 2− anions are in close proximity to the propagating polymer they become protonated by the H + cations which are expelled during polymer formation. This would produce phosphoric acid which is uncharged (pK a of H 3 PO 4 is 2.6) and therefore would not partake in doping of the polymer backbone. A similar effect was observed in the present system as H 2 PO 4 2− did not efficiently support polymerization, as shown in Figure 5a , curve 1. Here, the polymer growth profile in a (NH 4 )H 2 PO 4 (100 mM) emulsion containing no LiClO 4 is shown; upon application of the oxidizing potential the current density remained very small and dropped as a function of time.
The SEM recorded at the end of the process showed no evidence of polymer formation. In contrast, when LiClO 4 (20 mM) was added to the same polymerization mixture, the growth profile (Figure 5a , curve 2) displayed a significantly larger current density, indicating an electrochemical reaction was taking place. The first part of the growth curve followed the increase in current density observed for electrolyte systems containing solely LiClO 4 ( Figure 5a, curve 3) . However, at ca. 20 s the curve reached a maximum and the rate of polymerization decreased down to a plateau at ca. 80 s, which is typical of systems containing a hydrogen phosphate electrolyte. 41 The SEM recorded of this electrode after 300 s of growth showed the polymer microtubular structures ( Figure  5c ). Additionally, nucleation of the polymer occurred around each toluene droplet simultaneously, as the sides of each tube were observed to be identical in height. Analysis using EDX indicated that the ClO 4 − was the preferred dopant as the microtubes were found to contain approximately equal amounts of phosphorus/chlorine despite the 5:1 ratio of phosphorus/chlorine in the electrolyte mixture (see Supporting Information Figure 2 ). When polymerization was performed using only LiClO 4 (20 mM) as the electrolyte, a much more rapid polymerization was observed in the growth profile (Figure 5a, curve 3) , resulting in bulk polymer forming around the adsorbed toluene droplets (Figure 5b ). This identified that reaction conditions which led to a fast rate of polymerization were not favorable for producing vertical polymer growth, perpendicular from the electrode surface.
Using a mixed LiClO 4 /(NH 4 )H 2 PO 4 electrolyte system provided control over the rate of the polymerization. A number of reports have shown that controlling the kinetics of polymerization, during electrochemical deposition, is the key to growing conducting polymers in an ordered morphology. In these studies the applied current density was reduced in a stepwise fashion to allow for fast initial nucleation followed by slow propagation, yielding uniformly orientated conducting polymer nanowires/tubes. 20, 42 In the present system it is clear from the growth curve (Figure 5a , curve 2) that the initial stage of the polymerization was also rapid. However, this initial fast growth rate was not maintained due to the presence of H 2 PO 4 − . We propose that the role of the H 2 PO 4 − ion was to prevent an increase in H + ion concentration close to the polymer surface as the polymer propagated. Studies have shown that the rate of polymerization of pyrrole increases under acidic conditions. 43 TEM micrographs recorded of individual tubes show that the hollow cavity extends the entire length of the structure ( Figure  6a ). It also confirmed that the tube morphology remained intact despite being removed from the surface and sonicated, indicating high structural stability. High-magnification TEM analysis of the outer walls showed that there was dense packing of polymer surrounding the hollow interior (Figure 6b) . The high density of the polymer in the tube walls most likely arises due to the combination of the slow rate of polymer propagation combined with the preferential polymerization at the droplet surface. The electron diffraction pattern, which was a diffusive ring, identified the microtubes as having an amorphous structure (Figure 6a inset) .
Water contact angle measurements carried out on both the bulk and microtubule PPyEtCN films resulted in average values of 19°and 38°, respectively, indicating that both films had superhydrophilic properties. This has previously been shown for N-substituted PPy films containing a polar functional group. 44 Cyclic voltammograms were recorded of both a PPyEtCN microtubule film and a bulk PPyEtCN film grown in the absence of toluene ( Figure 7 ). As can be observed, the PPyEtCN microstructures (black line) have an increased electrochemical response compared to a bulk polymer (gray line) as indicated by the stronger anodic and cathodic peaks. It is likely that this arises due to the greater number of available redox sites in the microtube film. In addition, the oxidation peak occurs at approximately 0.69 and 0.57 V for bulk and microtube morphologies, respectively. This shift to lower overpotentials when the microtubes are present is consistent with the tubular film possessing higher porosity, allowing easier When the polymerization of PyEtCN was carried out from an emulsion formed using a bath sonicator, inspection of the resulting film (Figure 8 ) revealed interesting morphology differences compared to the films formed from probe sonicator emulsions (Figure 1 ). It can be seen from an early stage SEM recorded after 5 min at an applied potential of 0.85 V that the microstructures originally form in an open-tube morphology (Figure 8a ). However, as polymerization continues, the opening of the tubes grow toward the center and taper completely closed (Figure 8b ). TEM analysis was performed on the smaller and thinner walled microcontainers which the electron beam could penetrate, and it is apparent that a cavity remains near the base of the structure (Figure 8c ). As we have discussed previously, since the toluene is strongly adsorbed to the electrode surface, polymerization proceeds to close over the toluene droplet. This makes these materials a potential candidate for entrapping hydrophobic compounds within a conducting polymer microcontainer, with the advantage of being anchored to an electrode surface.
To investigate the versatility of the methodology developed to grow PPyEtCN microstructures, studies were carried out using pyrrole and 3,4-ethylenedioxythiophene. These monomers have differing solubilities in water corresponding to 2.7 × 10 , and 7.8 × 10 −3 mol/L at 25°C for PyEtCN, pyrrole, and 3,4-ethylenedioythiophene, respectively. 45 Electropolymerization from the emulsions formed upon probe sonication of both pyrrole and 3,4-ethylenedioxythiophene resulted in the formation of hollow polymer microstructures on the electrode surface ( Figure 9 ). There are some noticeable differences in the morphologies of the resultant polymers; however, this can be expected due to the different characteristic properties of each monomer, particularly their solubilities in water and ease of oxidation. These will affect the partition of the monomer between the continuous and dispersed phase of the emulsion and the rate of polymerization at a given applied potential, respectively. Therefore, this surfactant-free electrochemical procedure which couples acoustic emulsification with a toluene template approach can be used to form microstructures of a range of conducting polymers, regardless of the differing water solubilities of their monomer analogues. In addition, it was observed during the studies on PyEtCN that when the polymerization mixture was exposed to longer acoustic excitation times that the emulsion changed from being opaque to transparent. Separation back to the original multiphasic system was not observed over several days. This indicates the formation of a nanoemulsion and further studies will now be carried out using this system to investigate the possibility of growing hollow nanotubes of PPyEtCN and other monomers.
■ CONCLUSIONS
We have developed a facile means of growing novel Nsubstituted polypyrrole (PPyEtCN) hollow microtubes and microcontainers attached at an electrode surface. A toluene soft template approach, which has previously been used in chemical oxidation methodology, has been successfully adapted to an electrochemical polymerization procedure. The method of sonication, applied potential, and electrolyte mixture have been shown to have a significant effect on the morphology of the final structures. The polymerization growth profiles indicate that the role of the mixed electrolyte system (LiClO 4 and (NH 4 )H 2 PO 4 ) is to allow fast polymer nucleation followed by slow propagation, leading to the formation of vertically aligned structures. The microtube films displayed an increased electrochemical response compared to the bulk films and possessed superhydrophilic properties. Toluene microdroplets have been entrapped within the microcontainers, and so this methodology has the potential to entrap species close to the electrode surface. Furthermore, the procedure described within has also been proven to form microstructures for both pyrrole and 3,4-ethylenedioythiophene. Therefore, it should be applicable for growing a range of microstructures for other conducting polymers.
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